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fMRI; olfaction; hippocampus; entorhinal cortex; piriform cortex ODOR IDENTIFICATION (OI) tests examine an individual's ability to correctly name an odor. In the clinic OI tests have been shown to have high sensitivity and specificity for predicting Alzheimer's disease (AD) at an early stage. This OI deficit is considered a central phenomenon as olfactory threshold, detection, and discrimination abilities are preserved (Arnold et al. 1998; Morgan et al. 1995; Serby et al. 1991; Wilson et al. 2007 Wilson et al. , 2009 . Since AD pathology is first observed in entorhinal cortex and subsequently in the hippocampus (Braak and Braak 1992) , OI impairments may arise from medial temporal lobe (MTL) pathology. Indeed, the early and specific OI deficit in AD correlates with the number of tangles in entorhinal cortex and the hippocampus (Wilson et al. 2007) , and left hippocampal atrophy (Murphy et al. 2003) . Structural changes in the entorhinal cortex and hippocampus are also present in patients with schizophrenia (Baiano et al. 2008; Bogerts et al. 1985; Ebdrup et al. 2010; Schultz et al. 2009; Witthaus et al. 2009 ), another group of patients with a specific OI deficit (Atanasova et al. 2008; Moberg et al. 1997 Moberg et al. , 2006 Rupp 2010) . The utility of OI tests as a clinical tool depends on a better understanding of the neuronal processes underlying OI, and how OI differs from passive smelling (PS).
The aim of the present study was to directly compare the neuronal correlates to identified odors vs. nonidentified odors. OI has been described as relying on at least three processes: odor encoding, activation of potential odor labels, and selection of correct label (Schab 1991) . Thus OI can be regarded as a semantic naming task. However, it has been shown that semantic information about the presented odors influences brain activity (de Araujo et al. 2005) . To avoid semantic effects influencing the results, OI was performed unaided by visual or auditory clues in the present study. Previous functional neuroimaging studies of OI have relied on presentation of odors and subsequent identification using yes/no to auditory or visually presented odor names (Kareken et al. 2003; Savic et al. 2000; Suzuki et al. 2001 ). The results in these studies are highly discrepant with regard to the neuronal structures found to specifically support OI. Two studies reported increased right hippocampus activity (Savic et al. 2000; Suzuki et al. 2001 ), but entorhinal cortex activity is not reported in any of the studies.
Based on the available clinical and experimental data, we predicted that successful OI depends on entorhinal and hippocampal activity. However, piriform and orbitofrontal cortices may also play a role, since they are involved in odor categorization and higher-order odor associative activity (Anderson et al. 2003; Cerf-Ducastel and Murphy 2003; Li et al. 2010; Schoenbaum and Eichenbaum 1995) . In addition, the network supporting semantic processing in the posterior temporal lobe and ventrolateral prefrontal cortex (Badre et al. 2005; Binder et al. 2009; Bookheimer 2002; Gough et al. 2005; Thompson-Schill et al. 1998; Wig et al. 2005 ) is expected to participate in OI. To test this prediction, we performed an uncued odor functional magnetic resonance imaging (fMRI) study of brain activity in response to spontaneously identified vs. nonidentified odors as determined postscanning.
MATERIALS AND METHODS

Subjects
In this study only women were invited to participate because they outperform men on odor identification tasks (Doty et al. 1984 ).
Nineteen women 20 -35 years of age (mean age 24.5 years) were included. Two were excluded, one because of daily smoking and the other because of technical problems. All 17 included subjects were right-handed, as determined with the Edinburgh Handedness Inventory, with mean score of 93.5 Ϯ 9.81 (Oldfield 1971) . None of the subjects had a history of neurological diseases or psychiatric disorders as defined by ICD-10 and DSM IV, or used pharmaceuticals of any kind. All subjects completed a self-evaluation form of olfactory abilities and use of stimulants (alcohol, snuff, and smoking) at the time of the study and previously.
Anterior rhinoscopy was performed in all subjects, and all were checked for a history of olfactory, nasal, and/or respiratory problems (trauma, septum deviation, nasal/sinus surgery, hypertrophic rhinitis, drug-induced rhinitis, cold [at time of inclusion], upper respiratory tract infection, acute or chronic sinusitis, tumor in nose, Sjøgren's syndrome, or nasal polyps). Six women had pollen/grass allergy, but none had active allergy in the late summer season when the experiment was conducted. MRI incompatibility and braces were also exclusion criteria. In all subjects a T2-weighted image of the sinuses and nasal cavity was obtained and checked for abnormalities before the fMRI scanning was commenced.
The study was approved by the Regional Committee of Medical Research Ethics (Trondheim, Norway), and the Norwegian data inspectorate. All subjects gave their written informed consent after the procedure had been carefully explained, and after they had the opportunity to ask questions about the research.
MRI
MRI examinations were performed with a Siemens Trio Magnet 3T system (Siemens, Erlangen, Germany) equipped with a 12-channel head coil for parallel imaging (GRAPPA [Generalized Autocalibrating Partially Parallel Acquisition]) (Griswold et al. 2002) . Foam pads were used to minimize head motion. The scan protocol included first a high-resolution T1-weighted three-dimensional (3D) MPRAGE sequence (196 slices, time to echo [TE] 30 ms; repetition time [TR] 2,300 ms; isotropic voxels of 1 mm 3 ), followed by a T2-weighted image series of the sinuses and nasal cavity (40 slices, TE 77 ms; TR 4,290 ms; slice thickness 2 mm). The latter sequence was used to exclude individuals with local pathology in nasal cavity, sinuses, and/or olfactory bulbs.
Then the nasal mask was fitted on the subject. The subject was repositioned in the scanner, and a new scout image for positioning of the fMRI scans was obtained. Two separate olfactory fMRI runs were performed using a T2*-weighted blood oxygenated level-dependent (BOLD) sensitive, single echo-planar imaging (EPI) pulse sequence (47 slices; TE 30 ms; TR 2,600 ms; field of view [FoV] 230 mm giving a resolution of 3 ϫ 3 ϫ 3 mm; acquisition matrix 80 ϫ 80). Each fMRI run consisted of 278 volumes plus three dummy scans for magnetization stabilization, giving a total acquisition time of 12 min for each run. The slices were angled as perpendicular to the long axis of the hippocampus as possible.
Olfactory fMRI Paradigm
Odor stimuli were presented using a specially designed MRIcompatible olfactometer. The olfactometer consisted of three glass chambers, one filled with water and two with odorants (20 mL liquid solutions), and a mechanical switch box regulation airflow through the individual chambers. The experimenter used the three buttons on the switch box for manual control of the airflow through each chamber. The design allowed administration of multiple odors by replacing the glass chambers filled with odorants. This was possible due to the long odor-free breaks in the fMRI paradigm. The olfactometer was positioned 2.25 m from the magnet's isocenter. Medical air flowing at a rate of 15 L/min was passed through the olfactometer, allowing the odors to be released from the liquids. From the chambers, odors were conveyed via Teflon tubing to a nasal mask (Respironics, ScanMed AS, Drammen, Norway). Since odors were released into the mask and not delivered directly into the nostrils, body temperature heated the incoming scented air (Vigouroux et al. 2005 ). An additional hole at the superior end of the mask was connected to the hospital's gas evacuation system via tubings to ensure continuous airflow and removal of scented air. All tubings were made of very low adsorbent material (Teflon fluorinated ethylene propylene), to avoid absorption of odor molecules into the tubes (Vigouroux et al. 2005) . Delay time between switching on airflow to a chamber and the onset of odorant perception in the mask was about 1 s. The change from the odor to the no-odor (water) phase and vice versa produced no thermal, tactile, or auditory cues. Two experimenters were present in the scanner room: one controlled the switching between the different chambers and the other the switching of the odor chambers as needed. Task instructions with regard to odor presentation, duration, and switching were compiled in E-Prime (Psychology Software Tools, Sharpsburg, PA) and displayed to the experimenter on a liquid crystal display screen in the scanner room.
The odorants lemon, anise, banana, musk, peppermint, chocolate toffee (Stockholm's essence fabric; Wallingatan, Stockholm, Sweden; www.essencefabriken.se), vanillin, and smoke (Sigma-Aldrich, Hamburg, Germany) were used. Banana, musk, vanillin, chocolate toffee, and smoke were synthetically derived, whereas the others were made from natural fruits. Odorant selection was based on a pilot study with 40 odorants tested in 16 people. The 8 odorants used in the fMRI paradigm had the highest correct identification scores, and were rated 4.64 Ϯ 2.44 (mean Ϯ SD) for familiarity on a 9-point scale.
The participants were familiarized with the odor task and tried out the mask and the response button before scanning. The subjects were instructed to press a response button (NordicNeuroLab AS, Bergen, Norway) with their right hand at the onset of a new odor. They were asked to try to identify the odorants covertly, and informed that they would be asked to identify the same odors after scanning. The subjects were told not to sniff, just breath regularly throughout and to let the air pass over and into the nose. Each odorant was presented for 10.4 s to ensure that at least one breathing cycle was completed within the stimulus duration.
The olfactory fMRI paradigm was a mixed event-block design. Each olfactory block consisted of three 10.4-s odor presentation "events" where two odors were presented in an alternating fashion (e.g., banana-peppermint-banana). The total duration of an odor block was thus 31.2 s. A total of 22 olfactory blocks (i.e., 66 odor exposures) were presented to each subject over two runs. Each of the eight odors was presented between 6 and 12 times in a pseudorandom manner. Water was used as the baseline nonodor condition, and presented in blocks of 34 s between the olfactory blocks. The state condition was all odors presented in a block, which will be referred to as passive smelling (PS). The events were determined postscanning. Depending on whether an odor was identified correctly, two classes of odor events, that is, spontaneously correctly identified and nonidentified odors, were determined.
Between each subject the olfactometer was carefully cleaned, and the nasal mask disinfected with PeraSafe (Puls AS, Oslo, Norway).
Postscan Assessment
After fMRI acquisition, the subjects were presented with an odor identification task related to the fMRI task. The task consisted of 12 odors in 10 mL liquid solutions presented in a random order. The odors included six of the eight odors presented in the scanner (peppermint, musk, anise, chocolate toffee, lemon, and banana) and six new odors (strawberry, liquorice, blueberry, rose, pistachio, and orange). Subjects were asked to identify the odors first spontaneously, and then performed a multiple choice identification test with four alternatives. The results from the spontaneous odor identification of the six odors presented in the scanner were used to make the in-dividual design matrices for the event-related analyses of the identified vs. nonidentified odors. The two odors not presented in the postscan assessment were not included as events, but assigned to the baseline.
In addition, the subjects were asked to rate all the odorants for intensity, pleasantness, familiarity, and degree of irritation on a 9-point scale, ranging from "extremely pleasant" to "extremely unpleasant" (Doty et al. 1984) . Perceived odor intensity was performed using a 0 -90 labeled-magnitude scale (Green et al. 1996) .
Subsequently, two tests were used to estimate the participants' general odor identification abilities; The Brief Smell Identification Test (B-SIT; Sensonics, Haddon Heights, NJ) and the Sniffin Sticks Identification Test (SSIT, Burghart GmbH, Abteilung Medizinintecknik, Germany). B-SIT is a scratch and sniff test with 12 microcapsulated odorants and a forced multiple choice between four verbal items per odorant. The subjects were allowed to sniff at the Sniffin Sticks pens only once in 3 to 4 s. In both tests the alternatives were given orally twice from the experimenter; in addition, the subjects read the alternatives themselves. The subjects were told to mark answers for all odors in B-SIT, even if they did not smell anything, to make the test valid. No feedback was given during the test procedures.
Behavioral Experiment of Odor Sniffing and Identification Behavior
The same inclusion and exclusion criteria as in the fMRI study were used to recruit eight healthy females (mean age 30.1 years), to a bench experiment to investigate respiration rate, depth, and odor identification ability during exposure to different odors. The experiment was carried out in the scanner room with the volunteers lying on the scanner table, but with the table outside the scanner bore. The odor delivery method was the same as in the fMRI experiment. Respiration rate and depth were measured with a respiration belt connected to PowerLab (AD Instruments Pty Unit 13, Bella Vista, NSW, Australia). The participants were given the same instructions as in the fMRI experiment (i.e., breathe regularly and let the air with the odor flow into and over the nose without sniffing or deep breaths). Eight odors were presented, each in a random manner four times, giving a total of 32 odor tasks. The odors were lemon, peppermint, chocolate toffee, vanillin, musk, anise, lily of the valley, and coffee. Six of the odors in the bench experiment were the same as those in the fMRI experiment; in addition there were coffee (regular store bought, freshly made cold coffee) and lily of the valley (produced from the natural plant, Stockholm's essence fabric). As in the fMRI experiment each odor was presented for 10.4 s, but there was a nonodor phase (water) of 50 s between every odor. During this period the participants identified the recently presented odor and indicated whether they had been exposed to this odor earlier in the experiment; this lasted 20 s. The subjects, who received no feedback from the experimenter, were only prompted to answer: "which odor was this" and "have you been exposed to this odor earlier in the experiment." Then the participants returned to baseline breathing for 30 s. These three phases were defined as comments in the AD Instruments Software LabChart (ADInstruments Pty Unit 13, Bella Vista, NSW, Australia); baseline breathing (water), odor exposure, and answer period. The behavioral results were analyzed with regard to correct vs. incorrect identification of each of the presented odors, and whether the participant was able to recognize earlier exposure to same odor. From the respiration data respiration rate, respiration depth, and area under the curve for each respiration period were calculated in LabChart using the rectified arithmetic of the digitally filtered signal from the respiration trace. The odor presentation periods were subsequently divided into periods of identified odors and nonidentified odors. Any difference in the respiration rate, depth, and area under the curve for identified vs. nonidentified odors were then statistically assessed.
Statistical Analysis
Statistical analyses for all behavioral data were carried out using SPSS (SPSS, Chicago, IL; www.spss.com). All results are given as mean Ϯ SD. Parametric statistical tests were applied to all behavioral and psychophysical data. All statistical comparisons of behavioral data connected to identified and nonidentified odors (ratings of pleasantness and intensity, differences in the number of breathing cycles, depth of respiration, and area under the curve) were analyzed with paired t-tests. Values of P Ͻ 0.05 were considered significant. fMRI data were analyzed in FSL 4.0 ) (FMRIB Software Library, Oxford: www.fmrib.ox.ac.uk/fsl/). First, the functional images were preprocessed with motion correction with MCFLIRT, which uses FLIRT (FMRIB's Linear Registration Tool). Then the images were spatially smoothed (Gaussian kernel FWMH: 5 mm) and high pass filtered with cutoff 130.4 s. Nonbrain tissue was removed from the structural images using FSL's Brain Extraction Tool (BET). The functional images were registered to the highresolution 3D volume and, prior to group analysis, warped to the Montreal Neurological Institute standard_MNI152_ t1_1mm_brain template.
Time course statistical analyses were performed using FEAT and the general linear model. The expected signal time courses were modeled with a box-car stimulus response function, convolved with the standard double-gamma hemodynamic response function and its temporal derivatives (Boynton et al. 1996) .
The fMRI analyses of the odor responses were analyzed using a mixed block-event-related design (Visscher et al. 2003) , where brain response to the passive smelling (PS) state condition was analyzed across all odors within the blocks vs. baseline, and brain activity in response to spontaneous identified vs. nonidentified odors (OI) were analyzed as events, where the identified/nonidentified odor events varied individually depending on each subject's performance. For the state-related PS activity the following three conditions were defined: PS phase, nonodor phase (water), and a transition phase, representing the period directly after the last odor in the PS block was terminated, and lasting 7.8 s. The overall activity during PS was contrasted to the no-odor phase (i.e., water) lasting 26.2 s. The transition phase starting directly after odorant delivery was terminated and, lasting 7.8 s, was excluded to avoid odorants being present in the nonodor phase. The model for spontaneous identified vs. nonidentified odors was event related. For the event-related analysis a subject-specific model was generated in which each individual's identified odors and nonidentified odors were assigned as identified or nonidentified within each block of odor presentations. Then a within-subjects analysis of brain activation related to identified and nonidentified odors was performed (i.e., the contrast identified odors Ͼ nonindentified odors). The within-subjects' estimates were obtained separately for each run, and then pooled across runs with a fixed effects model of variance. Group statistics of the within-subjects differences in identified Ͼ nonidentified odors were calculated with a mixed-effects model of variance, as implemented in FLAME1ϩ2 (FMRIBs Local Analysis of Mixed Effects) (Beckmann et al. 2003) .
Peak activations are reported in Montreal Neurological Institute (MNI) coordinates. The contrast PS was tested for significance at the voxel level at z Ͻ 2.3, and cluster thresholding at P Ͻ 0.05, corrected. In the event-related analysis of OI voxel-based statistical analysis was used, and statistical threshold set at voxel level z Ͻ 2.3 and P Ͻ 0.01, uncorrected, with a minimum of 9 continuous voxels. A more liberal statistical analysis was applied in OI because of the more limited number of observations in the event-related analysis.
Since the contribution of the MTL to OI was of particular interest in this study, an anatomic region of interest (ROI) analysis was performed. The anatomic MTL ROI consisted of the entire parahippocampal gyrus and the hippocampus, and was created by combining the probabilistic maps of the Harvard Oxford Structural Atlases and the Juelich Histological Atlas (part of FSL; http://www.fmrib. ox.ac.uk/fsl/fslview/atlas-descriptions.html#ho) (Flitney et al. 2007 ), using max probability Ͼ50% as threshold. In total the mask encompassed 16,180 1-mm voxels. In the anatomic MTL ROI the statistical threshold for the OI event-related analysis was set to voxel level z ϭ 1.645 and P Ͻ 0.05, uncorrected for multiple comparisons, with a minimum of 9 continuous voxels. A more liberal statistical analysis was used in the OI analysis because of the lower number of observations in the event-related analysis, and due to the expected lower BOLD signal from the MTL due to susceptibility (Ojemann et al. 1997 (Ojemann et al. , 2010 ) and coil effects (Kaza et al. 2011) . Moreover, entorhinal BOLD activity in response to odor stimulation has been shown to be substantially smaller than in piriform cortex and amygdala (Tabert et al. 2007) .
For the contrast spontaneously identified odors Ͼ nonidentified odors functional ROIs were defined based on clusters of increased activation in the within-subject analysis, that is, in left entorhinal cortex, right hippocampus, and right orbitofrontal cortex. There was no statistically significant difference in piriform cortex activity in the contrast identified odors Ͼ nonidentified odors, but based on the contrast PS two functional ROIs in right piriform cortex were defined: one with peak activity in the anterior piriform cortex (28, 8, Ϫ13) , and one with peak activity in the posterior piriform cortex (23, Ϫ3, Ϫ10). Within all these functional ROIs the average parameter estimate values of the BOLD signal from the explanatory variables identified odors and nonidentified odors, were extracted. Within-subject analysis of differences in the parameter estimate values for identified and nonidentified odors was performed with a paired t-test in SPSS. Both the difference in parameter estimate values between identified and nonidentified odors and the mean parameter estimates values for identified and nonidentified odors with confidence intervals (CIs) were calculated in each functional ROI. The BOLD signal changes in each of the ROIs for identified and nonidentified odors were plotted using PERL (Pearl Event Related Time course extraction) 2.61, and each individual's data output from the event-related analysis in FSL (www.jonaskaplan.com/fmritools.html). The BOLD signal data were linearly interpolated to a resolution of 1.3 s.
In addition, anatomic ROI analyses of the number of activated voxels and their average parameter estimate value for the contrast spontaneously identified Ͼ nonidentified odors was performed in the bilateral hippocampus and entorhinal cortex using FEATQuery. The anatomic hippocampus ROI was defined based on the Harvard Oxford structural atlases, using max probability Ͼ50% as threshold. Entorhinal cortex ROI was based on the Juelich histological atlas with max probability Ͼ50% as threshold, and the mask modified by removing the perirhinal cortex and also extending it so that it bordered the hippocampal fissure (Insausti et al. 1998) . Within each anatomic ROI the statistical threshold was set to parameter estimate value Ͼ4.75. The number of activated voxels above this threshold was extracted from each anatomic ROI in each participant, and the mean number of activated voxels with CI calculated across all participants. Within each anatomic ROI the max parameter estimate value of the suprathreshold voxels was obtained from each individual, and mean max parameter estimate values with CI were calculated across the group.
RESULTS
All participants assessed their olfactory function as normal according to self-report. All included subjects were nonsmokers, did not use snuff, and consumed alcoholic beverages twice or less per week. Four participants had smoked earlier, but had stopped smoking at least 1 year prior to the study. None of the volunteers had nasal, sinus, or olfactory bulb pathology as assessed with anterior rhinoscopy and MRI.
Postscan Assessment of Olfaction
The mean scores on the psychophysical olfactory tests were on B-SIT 10.50 Ϯ 1.20 (max 12) and SSIT 13.56 Ϯ 1.32 (max 16). All subjects had intact OI ability according to the agesex dependent cutoff score in B-SIT (Doty 2001) . All subjects correctly identified the individual B-SIT items cinnamon, rose, chocolate toffee, gasoline, soap, and onion. Turpentine had the lowest score of any B-SIT item, and was identified by only 37.5% in line with the results from another study of B-SIT in a Norwegian population (Kjelvik et al. 2007 ). The SSIT items orange, peppermint, licorice, and fish were correctly identified by all subjects.
In the postscanning test the subjects were presented with six odors also presented in the scanner. The percentage correct spontaneous identification was 64 Ϯ 20% for odors presented during fMRI. After spontaneous identification, a multiplechoice questionnaire with four alternatives was given. The percentage correctly identified odors using multiple choice was 85 Ϯ 7%, which was significantly better (P Ͻ 0.005) than that for spontaneous identification. Pearson's correlation analysis revealed a significant positive association between odor familiarity (see the following text) and high score on spontaneous odor identification (r ϭ 0.81, P Ͻ 0.001) and cued odor identification (r ϭ 0.67, P Ͻ 0.02).
Identified odors and nonidentified odors had the same perceived intensity (42.5 Ϯ 24.7 for identified and 40.4 Ϯ 25.2 for nonidentified odors, P ϭ 0.737) and pleasantness (5.8 Ϯ 1.05 for identified and 5.0 Ϯ 1.90 for nonidentified odors, P ϭ 0.220). The participants scored all odors on hedonic rating as more than average pleasant 5.50 Ϯ 1.64 and nonirritating 2.81 Ϯ 1.64 (Doty et al. 1984) . The odors were reported to be quite familiar 5.08 Ϯ 1.08 (of 9).
fMRI Results
Passive smelling (PS) . Whole brain analysis of activity related to perception of all odors showed activation of anatomic structures known to be related to olfaction, and are listed in Table 1 and shown in Fig. 1 . Bilateral activations in piriform cortex and amygdala, primary olfactory areas with direct input from the olfactory bulb, were detected. Also the main secondary olfactory areas: orbitofrontal cortex and thalamus bilaterally, and right cingulate gyrus and left insula had increased activity (Table 1, Fig. 1 ). In addition, extensive activations were observed in several other cortical regions including bilateral cerebellum, precentral gyrus, superior frontal gyrus, paracingulate gyrus, and right putamen. The cluster with the highest signal change (cluster 1) had peak activity in the left orbitorfrontal cortex, and included activity in piriform cortex, amygdala, and insula. The largest cluster of activation (cluster 5) had its peak coordinates in the mediodorsal thalamus. No activation was seen in hippocampus or entorhinal cortex in this analysis or when tested with more liberal statistical thresholds.
An analysis using the same odor onsets, but with 6-s odor duration, gave the same general pattern of activity at the whole brain level, but the extent of the activity was smaller, and the peak activation lower. Indeed, in the posterior piriform cortex the activity was below the level of the cluster threshold.
Spontaneous correct odor identification (OI).
Event-related analysis of activation related to spontaneously identified odors vs. nonidentified odors in the postscanning test, revealed acti-vation of both primary and secondary olfactory areas as well as in a number of other cortical regions (see Table 2 and Fig. 2 ).
In the whole brain analysis spontaneously identified odors gave rise to increased activation in the left entorhinal cortex, and increased activity in both temporal poles. A number of secondary olfactory structures was also more activated by spontaneously identified odors than by nonidentified odors. Significantly increased activity was found bilaterally in orbitofrontal cortex, thalamus, and insula. In the orbitofrontal cortex a right hemisphere dominance was observed, which was especially prominent dorsally. In addition, increased activity was present bilaterally in putamen, visual cortex (VA BA17), premotor cortex, secondary somatosensory cortex, and cerebellum. Right cingulate gyrus and right pallidum were also more active for identified odors. In the left hemisphere extended activations were seen in fusiform cortex, frontal pole, paracingulate gyrus, inferior frontal gyrus, inferior temporal gyrus, primary auditory cortex, and frontal operculum. The general activation was markedly stronger and more widespread in the left hemisphere than in the right hemisphere for identified vs. nonidentified odors.
The anatomic MTL ROI analysis comparing the spontaneous identified and the nonidentified odors showed increased activation in left rostral entorhinal cortex, as well as in right hippocampus, and left and right posterior parahippocampal gyri (see Fig. 3 and Table 2 ).
There was significantly increased activation to identified odors compared with the nonidentified odors in all functional ROIs (Fig. 4) . The difference in mean parameter estimate values between identified and nonidentified odors was in the right hippocampus mean parameter estimate value ϭ 9.7 (CI: 3.0 -16.5, P Ͼ 0.009), in left entorhinal cortex mean parameter estimate value ϭ 9.8 (CI: 5.9 -13.8, P Ͼ 0.001), anterior right piriform cortex mean parameter estimate value ϭ 7.0 (CI: 3.5-10.4, P Ͼ 0.001), posterior right piriform cortex mean parameter estimate value ϭ 4.6 (CI: 0.80 -8.4, P Ͼ 0.022), and left orbitofrontal cortex mean parameter estimate value ϭ 10.1 (CI: 4.7-15.5, P Ͼ 0.002). Figure 4 shows the mean parameter estimate value for identified and nonidentified odors, respectively, in the functional ROIs with confidence intervals, and the BOLD signal curves for each ROI. The BOLD signal changes were different for identified compared with nonidentified odors. Especially notable was the decrease in activity related to nonidentified odors in the hippocampus and the entorhinal cortex.
The anatomic ROI analysis in the hippocampus and the entorhinal cortex demonstrated that in spontaneously identified Ͼ nonidentified odors the mean number of activated voxels in the entorhinal cortex was 3,004 (CI: 2,252-3,756) with an average max parameter estimate value of 40.5 (CI: 32.2-48.7), and in the hippocampus the mean number of activated voxels The state-related passive smelling (PS) activity was explored by defining three conditions: PS phase, nonodor phase (i.e., water), and a transition phase representing the period directly after the last odor in the PS block was terminated and lasting 7.8 s into the nonodor phase. The contrast used was PS Ͼnonodor phase. Group statistics were calculated with a mixed effects model of variance, as implemented in FLAME1 ϩ 2 in FSL. Peak activations are reported in Montreal Neurological Institute (MNI) coordinates. Cluster size refers to number of voxels in a cluster. Cluster number is presented in parenthesis, and refers to which cluster the voxels belong to in case of large clusters which encompassing multiple regions. N ϭ 17 females. Significance was tested at the voxel level at Z Ͻ2.3, and then cluster thresholding at P Ͻ 0.05. was 4,162 (CI: 3,221-5,102) with the average max parameter estimate value of 30.0 (CI: 25.1-34.8).
Odor Sniffing and Identification Behavior
The mean score for correctly identified odors in the behavior experiment was 44.9%, and the mean score for nonidentified odors was 55.1% (Table 3 ). An identified odor was correctly reidentified and given the same name, at the second presentation in 94% of the cases, at the third and fourth exposure in 96% of the cases. There was no difference in the number of breathing cycles, the depth of respiration, or area under the curve for the odor presentation period for identified odors compared with nonidentified odors (Table 3) .
DISCUSSION
The aim of this study was to investigate the neural correlates of spontaneous OI to increase our understanding of this measure as a clinical tool. The results revealed a unique pattern of activity for spontaneously identified odors compared with nonidentified odors. The main finding was the specific recruitment of entorhinal cortex and hippocampus in successful OI. In contrast, the piriform and orbitofrontal cortices had increased activity during both OI and PS.
In the behavioral experiment no measurable differences were found in the respiration measures for identified compared with nonidentified odors. Sniffing is considered central to olfaction (Mainland and Sobel 2006) , and odorless sniffing has been demonstrated to give rise to activity in primary and secondary olfactory structures (Kareken et al. 2004; Simonyan et al. 2007; Sobel et al. 1998) . Still, results from awake rodents demonstrate that the neuronal odor code in the olfactory bulb is similar for odors presented during slow breathing and during sniffing (Cury and Uchida 2010). Together these findings support that the differences in brain activity between identified and nonidentified odors did not arise from differences in respiration. Furthermore, once an odor was identified it was with a high degree of consistency reidentified as the same odor at later exposures. These behavioral results together with the marked differences in localization and the unique differences in the BOLD signal with regard to level of activation and number of activated voxels in response to identified and nonidentified odors clearly demonstrate that OI is a distinct process.
OI specifically increased activity in the entorhinal cortex and hippocampus. Both regions are connected to structural pathology in AD and schizophrenia, and considered to be implicated in the specific OI deficit in these patients (Arnold et al. 1998; Atanasova et al. 2008; Moberg et al. 1997; Morgan et al. 1995; Rupp 2010; Serby et al. 1991; Wilson et al. 2007) . OI also engaged secondary olfactory regions such as the orbitofrontal cortex. Brain areas connected to representation, retrieval, and selection of semantic representations, such as the posterior temporal lobe and inferior frontal gyrus (Badre et al. 2005; Binder et al. 2009; Bookheimer 2002; Gough et al. 2005; Thompson-Schill et al. 1998; Wig et al. 2005) , were also particularly engaged by OI. The OI and PS results support the idea that neuronal correlates of odor processing are task dependent, involving both olfactory core regions and a distributed network of structures outside of this determined by the Fig. 1 . Group statistical maps of activations during passive smelling (PS). Colored areas indicate clusters with increased activation during PS compared with nonodor (i.e., water); for details see MATERIALS AND METHODS. Significance was tested at the voxel level at z Ͻ 2.3, and then cluster thresholding at P Ͻ 0.05. See Table 1 for peak voxel localizations in Montreal Neurological Institute (MNI) space. The areas shown in the figure are: 1. Orbitofrontal Cortex; 2. Orbitofrontal Cortex; 3. Superior Frontal Gyrus; 4. Superior Frontal Gyrus; 5. Insula; 6. Insula; 7. Piriform Cortex; 8. Piriform Cortex; 9. Mediodorsal Thalamus; 10. Mediodorsal Thalamus; 11. Amygdala; 12. Amygdala. L and R in parentheses refer to peak localization of activation to left (L) or right (R) hemisphere. The right side of the image corresponds to the left side of the brain. For each individual the functional images were registered to the high-resolution 3D volume and, prior to group analysis, warped to the MNI152 template. The x, y, and z coordinates are in MNI space. nature of the olfactory task (Dade et al. 1998; Savic et al. 2000 Savic et al. , 2002 . Indeed, PS activated many of the same anatomic regions as OI, but the precise localization of the activity within the regions varied in OI and PS.
The increase activity elicited by OI in the left entorhinal cortex, was present in the within-subject whole brain analysis, and its specific involvement in OI further substantiated by the significant difference in the parameter estimate values between identified and nonidentified odors in the functional entorhinal ROI, as well as by the very high number of activated voxels and max parameter estimate values in the anatomic entorhinal ROI. In the within-subject whole brain group level analysis of OI, entorhinal cortex activity was restricted to a small region and had a low z value, whereas many voxels were active with high max parameter estimate values in the anatomic entorhinal ROI. This discrepancy probably stems from a combination of MR technical (Kaza et al. 2011; Ojemann 1997 Ojemann , 2010 issues combined with local anatomic-physiologic characteristics of odor processing in the entorhinal cortex. In rats entorhinal neurons display odor selectivity (Young et al. 1997) , and thus both inter-and intraindividual activity to the identified odors may differ, thus contributing to a limited area of activation in the third level group analysis, although activity for each individual was high, as shown in the functional and anatomic entorhinal ROI analyses. These findings provide direct evidence for the proposed connection between entorhinal pathol- The model for spontaneous identified vs. nonidentified odors was event-related. For each volunteer a subject-specific model was generated and within-subjects analyses of brain activation related to identified and nonidentified odors were performed. The within-subjects estimates were obtained separately for each run, and then pooled across runs with a fixed-effects model of variance. Group statistics were calculated with a mixed-effects model of variance, as implemented in FLAME1 ϩ 2 in FSL. Peak activations are reported in Montreal Neurological Institute (MNI) coordinates. Cluster size refers to number of voxels in a cluster. N ϭ 17 females. Whole brain event-related analysis of odor identification (OI). Voxel-based statistical analysis was used, and threshold set to Z Ͻ2.3 and P Ͻ 0.01, uncorrected, with cluster size set to a minimum of 9 continuous voxels.
Event-related analysis of OI in an anatomical region of interest (ROI) in medial temporal lobe (MTL; see materials and methods for details). In the MTL ROI the statistical threshold was voxel-based with Z ϭ 1.645 and P Ͻ 0.05, uncorrected for multiple comparisons, with cluster size set to a minimum of 9 continuous voxels. ogy and the specific loss of OI ability with preserved odor detection, threshold, and discrimination capacity seen in mild cognitive impairment/early AD (Suzuki et al. 2004; Wilson et al. 2007 ) and schizophrenia (Atanasova et al. 2008; Moberg et al. 1997 Moberg et al. , 2006 Rupp 2010) . Although entorhinal cortex is part of the primary olfactory cortices, activity in this region is not consistently reported in neuroimaging studies of olfaction (Anderson et al. 2003; Bengtsson et al. 2001; Gottfried et al. 2002; Kareken et al. 2003; Koizuka et al. 1994; Poellinger et al. 2001; Savic et al. 2000; Tabert et al. 2007; Wang et al. 2005; Zald and Pardo 2000) , perhaps due to the use of very different olfactory tasks and odors. In light of the present results the kind of odors presented as well as task instructions may be important determinants for entorhinal activity.
Hippocampal pathology has also been connected to OI deficits, and the current study demonstrated that OI specifically activated the right hippocampus. The large number of activated voxels and mean max parameter estimate values in the anatomic hippocampal ROI, combined with a positive BOLD signal for identified and a negative BOLD signal for nonidentified odors in the functional hippocampal ROI, further substantiates this claim The localization of the hippocampal activity was similar to activity reported in young adults in a yes/no OI task (Suzuki et al. 2001) . Several studies of olfaction, using a wide variety of odors and tasks have reported hippocampal activity, but lateralization and location along the anterior-posterior axis of the hippocampus varies (Bengtsson et al. 2001; Cerf-Ducastel and Murphy 2001; Levy et al. 1997; Poellinger et al. 2001; Small et al. 1997; Tabert et al. 2007; Zald and Pardo 2000; Zatorre et al. 2000) . Our results support the hypothesis that the hippocampus is specifically involved in higher-level processing of olfactory information (Staubli et al. 1984) . Activation of the hippocampus is considered essential for reactivating memory traces stored in cortical networks for episodic memory (Alvarez and Squire 1994; Shastri 2002) . OI is categorized under semantic memory, but behavioral studies indicate significant interactions between OI, odor memory, semantic knowledge, and verbalization (Larsson 1997; Murphy et al. 1991; Perkins and Cook 1990; Royet et al. 2004 ). Thus, OI may not be purely semantic, but also rely on episodic memory.
The BOLD signal plots from the functional entorhinal and hippocampal ROIs showed a positive BOLD signal for iden- , and orbitofrontal cortex (E) for identified odors compared with nonidentified odors. Functional ROIs were defined based on clusters of activation with increased blood oxygen level-dependent (BOLD) signal for the within-subject analysis of identified odors Ͼ nonidentified odors. For piriform cortex, which was active in both passive smelling (PS) and OI, regions of activation from the PS analysis was used to defined functional ROIs in which BOLD signal time course plots for identified and nonidentified odors were analyzed. The graphs represent average parameter estimate values for identified and nonidentified odors, respectively, given as mean Ϯ SD in the different functional ROIs, and statistically compared with a paired t-test, and *P Ͻ 0.05, **P Ͻ 0.001. The mean difference with confidence intervals for the parameter estimates in response to identified and nonidentified odors are given in RESULTS. For the BOLD signal time course plots the mean BOLD signal changes over time to exposure to identified and nonidentified odors was averaged over all runs, and the percentage change in the BOLD signal was plotted. Respiration was measured using a respiration belt (PowerLab, AD Instruments) during presentation of eight different odors for 10.4 s repeated four times in a random order to eight females. Respiration related parameters were extracted using LabChart. Area under the curve is the integral over the entire (10.4 s) respiration period. Respiration related responses to identified vs. nonidentified odors were compared with a paired-sampled t-test, with significance level set to P Ͻ 0.05. See materials and methods for details. tified and a negative for nonidentified odors. Thus differing from the BOLD signals in the piriform and orbitofrontal cortices, were positive signals that were seen for both identified and nonidentified odors. This finding suggests differences in the local processing of identifiable and nonidentifiable odors in MTL structures compared to the piriform and orbitofrontal cortices. However, any firm conclusions cannot be drawn because respiration was not monitored during scanning.
OI also increased activity in left and right posterior parahippocampal cortices in the anatomic MTL ROI. The peak activity was close to activation reported in the right subiculum in odor quality discrimination (Savic et al. 2000) .
OI per se did not lead to significantly increased piriform cortex activity. When exploring the BOLD activity in the two functional ROIs within the anterior and posterior piriform cortex respectively, it became evident that OI was accompanied by increased BOLD signal in both regions. The anterior piriform cortex is the initial relay of all incoming olfactory input and is considered to perform OI on the basis of chemical structure (Cattarelli et al. 1988; Illig and Haberly 2003; Ojima et al. 1984) . The finding that identified odors elicited increased BOLD activation already in the anterior piriform cortex, suggests that the perceptual meaning of an odor, and not only chemical composition, is established very early. However, the precise role of the anterior piriform cortex to overt spontaneous OI cannot be determined by the present results. Previous neuroimaging studies of OI have not found any specific contribution of the piriform cortex to OI (Kareken et al. 2003; Savic et al. 2000; Suzuki et al. 2001) . Still, some studies using olfactory event-related potentials suggest that cortical processing in the early components of the olfactory cortices is impaired in schizophrenia, Parkinson, and AD (Kayser et al. 2010; Morgan and Murphy 2002; Peters et al. 2003; WelgeLüssen et al. 2009) , and that the P2 component may be particularly involved in OI (Turetsky et al. 2003) . Activation of the posterior piriform cortex has been shown in a number of studies of PS with peak coordinates similar to those in the present study (Gottfried et al. 2002; Poellinger et al. 2001; Savic et al. 2000) . The posterior piriform cortex is suggested to play a role in classifying odors into meaningful categories and not encode identity per se (Gottfried and Wu 2009; Li et al. 2008) . This region has been implicated in neurodegeneration as abnormal adaptation in olfactory quality coding was found here in AD patients (Li et al. 2010) . In line with this, a role for posterior piriform cortex in OI was also found in the current study.
OI led to significantly increased activity in the right orbitofrontal cortex. This region overlapped with activity in PS, but extended more dorsocaudally. The present results support previous findings of the right orbitofrontal cortex being particularly important for OI (Jones-Gotman and Zatorre 1988; Zatorre et al. 1992) .
Odors are suggested to be represented in two separate, but interactive systems in the brain: one perceptual and one semantic, of which the latter is also related to verbalization (Engen 1987; Paivio 1971 Paivio , 1991 . Neuroimaging studies support this idea (Koenig et al. 2000; Royet et al. 1999; Zelano et al. 2009 ), although some behavioral data point to colocation of the two systems (Herz 2003) . The semantic representation of odors is considered to depend not only on verbalization, but also on the context the odor occurred in. Thus odors are believed to be organized in an associative verbal network in terms of the episodes that they relate to in an individual's past (Engen 1987; Herz 2003) . The present results can be interpreted as supporting a perceptual, an episodic, and a semantic component in successful OI. Hippocampal activity is needed for reactivation of episodic memory traces (Alvarez and Squire 1994; Shastri 2002) , and significant hippocampal activity was present only for odors that were successfully identified.
Furthermore, the specific increase in activity in primary visual and auditory cortices, and in higher-order somatosensory regions during OI may represent retrieval of specific sensory details of previous experiences with the identified odors (Eldridge et al. 2000; Gottfried et al. 2004; Johnson and Rugg 2007; Vaidya et al. 2002) . Moreover, higher-order visual regions, fusiform gyrus, inferior temporal gyrus, and posterior parahippocampal cortices, were also more active in OI. The fusiform and inferior temporal gyri are considered central in semantic memory because they support conceptual object representation and processing (Binder et al. 2009; Bookheimer 2002) . Indeed, the fusiform and inferior temporal gyri are under top-down control of the inferior frontal gyrus, which was also more active during OI. The inferior frontal gyrus actively guides retrieval and selection of the correct representation (Badre et al. 2005; Gough et al. 2005; Thompson-Schill et al. 1998; Wig et al. 2005) . Activity in the left inferior temporal gyrus (Kareken et al. 2003) and inferior frontal gyrus has been reported previously in OI and odor name-ability studies (Suzuki et al. 2001; Zelano et al. 2009 ).
In OI the brain creates a meaningful construct of an odor perceived from the outside world. Spontaneous OI is very difficult, clearly demonstrated in the current study by the successes rate of approximately 63% for spontaneous OI in the fMRI study, and approximately 45% in the behavioral experiment. These values are comparable to previous reports where the OI success rates are between 22% and 57% in young healthy adults identifying 7-80 common odors (Cain and Krause 1979; Richardson and Zucco 1989) . For the odors presented during fMRI the OI success rate was approximately 85% when using multiple choice, clearly showing the advantage of semantic support. Clinical OI tests span from spontaneous uncued identification via simple yes/no paradigms to an odor presented together with a name (Doty 2003) . The clinical utility of OI in diagnosing and predicting outcome in various brain pathologies will depend on a better understanding of to which extent different OI tests probe different cortical-subcortical networks, and the impact of disease etiology on activity within these networks.
The current study demonstrated clearly that brain activity in relation to spontaneous OI is distinct from nonidentified odors, and also differs from activity in PS. OI specifically increased the activity in the entorhinal cortex and hippocampus. Moreover, the BOLD response was significantly greater in the piriform cortex and the right orbitofrontal cortex for identified compared with nonidentified odors, although these latter regions were also active during PS. Furthermore, episodic as well as semantic memory systems appeared to support OI.
